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XRDCubic boron–carbon–nitrogen c-BC2N filmswere synthesized in a laser ablation systemusing a target of B4Cwith
99.99% of purity and silicon substrates (111). The discharge atmosphere for the films growth was a CH4+N2
mixture. The substrate temperature increased from room temperature to 650 °C. The chemical composition and
bonding configurationwere studied byX-ray photoelectron spectroscopy (XPS) andAuger electron spectroscopy
(AES),finding B–N, B–C and C–C bonds.Moreover, the crystallographicmicrostructurewas analyzed bymeans of
X ray diffraction (XRD) and transmission electron microscopy (TEM), showing the presence of (111), (200) and
(220) planes belonging to a diamond like cubic structure. Finally, an increase in the coating hardness as a function
of the substrate temperature was observed, especially for temperatures higher than 530 °C.o-Parra).
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Due to short bond length and high coordination number,
covalently bonded materials based on carbon, boron and nitrogen
have many distinguished physical and chemical properties and
attract more attention in industrial application [1]. Similar atom
sizes and structures of boron nitride and carbon polymorphs (i.e.
cubic boron–nitrogen (c-BN) and diamond, or hexagonal graphite-
like boron–nitrogen (h-BN) and graphite) suggest that phases
containing these three elements might be possible to synthesize [2].
In previous papers, the excellent mechanical properties of new
layered compounds boron–carbon–nitrogen (BC2N) are investigat-
ed and predicted based on a generalized valence-force field model
which force constants have been determined from ab-initio total
energy calculation [1–3], for such reason the production and the
characterization of the BCxNy thin films have been chosen for many
experimental works. For instance, hexagonal BCN coatings with low
hardness have been deposited by chemical vapor deposition (CVD)
or plasma assisted chemical vapor deposition (PACVD) techniques
with different organic precursors [4,5], whereas c-BCN films with
higher hardness than the former have been synthesized by physical
vapor deposition (PVD) processes by using ion bombardment
assistance during deposition, such as sputtering [6–8], ion beam
assisted deposition (IBAD) [9,10], and pulsed laser ablation [11,12].
According to Yasui et al. [9], BCN coatings deposited by IBAD
employing a B4C target exhibited high hardness and low friction
coefficients as sliding against steel ball in air. Albella et al [13] alsoreported that the c-BCN coatings were synthesized successfully
through evaporating B4C target and the simultaneous bombardment
of the ions from mixture of (Ar+N2+CH4) gas. These BCN coatings
show high hardness, good thermal stability and excellent tribolog-
ical properties [14]. Subsequently, they focused in studying the
chemical composition and bonding of the BCN coatings [14,15].
These studies have been based on the production of this coating by
means of different deposition techniques. Nevertheless, regarding
to the chemical composition of the BCxNy films, although exist many
XPS analyses reported in the literature, the formation of a BC2N
stable compound continues still under discussion [16] and the
systematic studies about the influence of process parameters on the
chemical and physical properties of these coatings deposited by PLD
have not yet performed. On the other hand, there have been
numerous works that describe the bonding characteristics of B–C–N
films. However, little attention has been paid to the correlation
between the bonds content and the experimental conditions. For
instance, H. S. Kim et al. [17] studied the relationship between
substrate temperature and the relative number of bonds in B–C–N
films prepared by RF PACVD. Their results revealed that the
substrate temperature had a strong effect on the bonds formation.
The substrate temperature has also a strong influence on films
structural and morphological characteristics, because they are
correlated with the thermal energy employed for condensing the
material on the substrate surface.
This paper present results of detailed XPS (X-Ray photoelectron
spectroscopy), XRD (X ray diffraction), AES (Auger electron spectros-
copy), TEM (Transmission electron microscopy ), SPM (scanning
probe microscopy) and nanoindentation studies, for determining
chemical composition, structure, profiles and morphology of some
new diamond-like ternary phase of B–C–N, grown by a PLD system.
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room temperature to 650 °C. Moreover, optimal deposition para-
meters for producing this ternary phase with stoichiometry close to
BC2N were found.
2. Experimental procedure
c-BC2N films were synthesized in a laser ablation system using a
target of B4C with 99.99% of purity. Films were grown on (111)-silicon
wafers in anultrahighvacuumsystemwith abasepressureof 1.0E−7 Pa.
Target ablation was carried out by means of a KrF excimer laser
(λ=248 nm). Laser energy, deposition time and pulse repetition rate
are fixed at 200 mJ (nominal), 60 minutes and 10 Hz, respectively. A
complete description of the system can be found in previous works
[18,19]. The gases mixture was introduced using a flux controlled with
two channels for N2 and CH4. After several changes in the pressure and
gas mixture, the suitable conditions for achieving the BC2N stoichiom-
etrywere a total pressure of 6 Pawith amixture of CH4/N2 (1:2). Finally,
coatings were deposited at substrate temperature varying between
room temperature and 650 °C.
X-ray diffraction was performedwith a fixed beam incidence angle
of 3° relative to the sample surface using a diffractometer Bruker AXS,
model D8 Advance, parallel beams geometry, graphite secondary
monochromator with grazing incidence (GI-XRD) angle 2θ in a wide
scanning range (40–80°). XPS data were collected after exciting the
sample by irradiating with the Al Kα line (1486.6 eV) and gathering
data with 0.8 eV and 0.2 eV energy steps for full spectra and reduced
range energy windows, respectively. The energy scale was calibrated
using copper and silver thick films, with lines at 932.67 eV for Cu-2p3/
2 and 368.26 eV for Ag-3d5/2. The system is equippedwith an electron-
energy analyzer model Mac-3, an e−gun and a dual anode X-ray
source from Cameca. This configuration enables to make in situ XPS,
AES and REELS analyses [19].
For carrying out depth profiles, an argon ion beam of 3 kV was
used with a current of 30 μA. Each etching process was carried out
during 300 min. Hardness was measured by using a Berkovich type
indenter with a tip nominal radius of 50 nm. Four series (with eight
measurements each one) applying maximum charges between 400
and 8000 μN with steps of 800 μN were carried out.
3. Result and discussion
XPS wide spectra indicated that films contain only boron, carbon
and nitrogen, as is shown in the representative XPS spectrum of a film
prepared at room temperature (Fig. 1). The quantitative analysis ofFig. 1. XPS wide-scan spectrum of c-BC2N thin films grown at room temperature.the samples grown at different temperature showed an oxygen
concentration lower than 0.097%. This low concentration allowed
neglecting the oxygen contribution. These results were later corrob-
orated by using the AES technique. It is due to the high vacuum
pressure reached (in the order of 1.0×10−7 Pa) before beginning the
deposition process. Moreover, a deep target cleaning was carried out
by using some discharges for preventing any contaminant traces.
Furthermore, as reported earlier, the presence and assistance of
nitrogen plasma can eliminate oxygen that could be incorporated in
the films when preparing nitride films by PLD [20,21]. Atomic
concentrationswere determined after the background fitting applying
Tougaard method to each survey spectrum. The atomic composition
was determined by XPS according to the following equation:
AC =
IA = SA
∑iIi = Si
ð1Þ
where IA is the intensity measured for each element A (B, C or N),
SA=σA E0.7 is the XPS sensitivity factor, being σA the photoionization
cross-section calculated by Scofield and E the photoelectrons kinetic
energy [20]. The sensitivity factors used for B, N and C were 0.49, 1.0
and 1.97 respectively [22]. The sum runs over the elements present in
the spectrum, with Ii and Si as the values belonging to each element.
With this expression and parameters, films stoichiometry was
calculated, as is shown in Table 1.
Fig. 2 shows XPS high resolution narrow-scan spectra for films
deposited on silicon wafers at room temperature and 650 °C. This
figure presents spectra of B1s, C1s and N1s. The deconvolution of B1s
spectrum for the film grown at room temperature (Fig. 2(a)),
presented three peaks placed at 188.1, 189.1 and 190.4 eV. The peak
at 188.1 eV was due to the contribution of B–C bonds, as was reported
by S. Jacques et al [23], the binding energy at 189.1 eV was attributed
to B–N bonds [24], showing the highest intensity. Finally a third peak
centered at 190.4 eV was attributed to B–B bonds [25]. Fig. 2(b)
presents the B1s spectrum for the sample grown at 650 °C. An
important result is the absence of B–B bonds, possibly because the
substrate temperature influences strongly the chemical and structural
materials characteristics, and is correlated with the material conden-
sation heat on the substrate surface [26].
Deconvolution of the C1s peak (Fig. 2(c) and (d)) for the sample
grown at room temperature shows three peaks attributed to C–C, B–C
and C=N bonds at binding energies of 285.9 eV [27], 284.5 eV [28]
and 283.1 eV [29] respectively. C=N bonds are attributed to
interstitials carbonyl group due to the work atmosphere. For samples
grown at 650 °C, deconvolution of C1s showed that the peak
corresponding to the C=N bonds disappeared. It happens because
as the substrate temperature increases, samples turn into crystalline
BC2N, adopting the zinc-blende crystal structure with higher density.
Regarding to N1s peak deconvolution presented in Fig. 2(e), for
films grown at room temperature, peaks at 398.1 eV and 399.6 eV
attributed to B–N and C=N bonds respectively were found [30].
Nevertheless, as the substrate temperature was increased, the peakTable 1
Relative atomic concentrations determined by high-resolution XPS as a function of
depositing pressure and temperature.
Temperature (° C) Stoichiometry
23 B1.00 C2.01 N1.0
50 B1.01 C1.99 N1.02
150 B1.00 C1.98 N1.09
250 B1.11 C1.94 N1.02
350 B1.12 C2.03 N1.00
450 B1.20 C2.00 N1.01
550 B1.23 C2.08 N1.00
650 B1.34 C2.16 N0.97
Fig. 2. XPS survey spectra of BC2N thin films deposited with a laser of 200 mJ/cm2, during 1 h (a) B1s at room temperature (b) B1s at 650 °C (c) C1s at room temperature and (d) C1s
at 650 °C. (e) N1s at room temperature and (f) N1s at 650 °C.
4053H.A. Castillo et al. / Surface & Coatings Technology 204 (2010) 4051–4056belonging to C=N bonds disappeared, similar to the case of the C 1 s
peak, as was explained before. M. K. Lei et al [31] reported the sp2 C–N
bonds behavior, varying the substrate temperature of BCN filmsgrown by using a sputtering system. They proved that, the C=N and
B–B bonds totally disappear at the same substrate temperature.
According to the authors these bonds are instable at high
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our work. Moreover, Y. Wada et al. [32] also reported the absence of
C–N sp2 bonds in BCN films grown above 200 °C by using the PLD
technique.
Samples grown at 450, 550 and 650 ° C presented similar shifting
energy around 1 eV. This shifting can be due to the increase in the
atomic concentrations of B and C as is shown in Table 1. This higher
concentration can enhance the charging effect because these films
increase their insulating properties as B–C bonds increase [33]. Results
present by Y. Mori et al [34] indicate that the selection either
conducting, floating or insulated mode is quite important for studying
the chemical state of each element. Them, it can produce shifting in
the biding energy toward lower or higher energies.
In this paper a zinc-blende structured like diamond (Fig. 3(a)) for
the c-BC2N thin films is expected as is reported in the literature [35].
This configuration with eight-atom zinc-blende structured c-BC2N is
presented in Fig. 3(b), where carbon atoms belonging to the inner part
of the diamond structure were replaced by four atoms of boron and
four atoms of nitrogen, so the coordination number is four. In this
structure, each C atom is bonded with two B atoms and each B atom is
bonded with two C and two N atoms, resulting in three types ofFig. 3. Unit cell configurations of (a) Diamond and (b) c-BC2N after geometry
optimization.chemical bonds: C–C, B–C and B–N. It indicates that all the c-BC2N
structures are metastables. These results are in agreement with the
chemical bonds analysis obtained by means of XPS as was shown
before.
Clearly, the structure proposed here does not present C–N bonds
because of the zinc-blende structure. Moreover, it tends to the
stability as the number of C–C and B–N bonds increase according to
the reports of Mattesini et al [36], Tateyama et al [37], and Nozaki and
Itoh [38]. Structures with higher quantity of C–C and B–N bonds have
low energy, high density, and high bulk and shear modulii.
Furthermore, we should note here a “sandwich” structure with the
carbon layer and the BN layer along b111N direction, as was reported
by X.F. Fan et al. [39] in theatricals calculations.
Fig. 4(a) shows the AES spectrum of BC2N films where peaks
belonging to B, C, and N can be observed. In Fig. 4(b) the depth profile
is presented. AES depth profiles of all the samples revealed good
composition uniformity overall film thickness. In Fig. 4(b) carbon,
nitrogen and boron are shown, decreasing as the etching time was
increased. Nevertheless, they do not disappear totally when the
substrate of silicon began to appear, because of the interdiffusion of
BC2N on silicon substrate. It could be concluded that there is a
composed interface between the film and the substrate. Other
important result is that the oxygen quantity can be neglected sinceFig. 4. AES spectrum of BC2N thin film deposited at a laser influence of 200 m J/cm2, a
deposition time of 1 h and substrate temperature of 450 °C (a) chemical elemental
composition analyses and (b) Depth profile.
Fig. 6. (a) TEM image in electron diffraction mode for BC2N thin films grown at 450 °C
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the high vacuum reached before the films grown. On the other hand,
from the depth profiles, an estimation of the sputtering rate of (1.61±
0.14) nm/min was obtained, in agreement with the perfilometry
measurements, where thicknesses were in the order of 480±4 nm. It
means that several monolayers per minute were sputtered. The films
thickness (oscillating between 476 and 486 nm) does not have
significant changes as a function of the temperature.
In order to probe the existence of the cubic phase, XRD patterns
(Fig. 5) for samples grown at substrate temperatures of 350, 450, 550
and 650 °C were taken. Difractograms showed the presence of (111),
(200) and (220) planes belonging to c-BC2N. Although the diffraction
pattern could also be interpreted as cBN, the stoichiometry analysis
carried out XPS and the AES results indicate the presence of c-BC2N.
Moreover, a peaks shifting toward lower angles was observed. Results
of Table 1 show an increase in the boron and carbon remaining
nitrogen almost constant, as the substrate temperature was increased.
It could produce an increase in the film density, in the lattice
parameter and in the films stress, affecting the interplane distance
[40,41]. Moreover, the amorphous BC2N was transformed into the
cubic phase similar to diamond and c-BN at substrate temperature
greater than 450 °C. Similar diffraction peaks of (111), (200) and
(220) planes, were reported by S. Nakano et al [42] and Sasaki et al
[43]. Furthermore, as the temperature was increased, c-BC2N peaks of
(111), (200) and (220) planes became higher. A profile analysis of
(200) and (220) lines did not reveal overlapping or asymmetric peaks.
The calculated c-BN lattice parameter was 3.593 Ȧ, being in a good
agreement with the corresponding value (3.589 A ̇) found for c-BC2N.
(111), (200) and (220) diffraction peaks [43] were corroborated by
using TEM in electron diffraction mode, as is shown in Fig. 6. In this
figure the interplanar spacing was determined and compared with
values reported by other authors. The values of lattice parameter and
interplanar distance are very close to those reported in theoretical
works by J. Widany et al. [44]. They considered basically that the
reduction in the BC2N lattice parameter compared with c-BN, or the
increase with respect to diamond, must be caused by the bonds
longitude difference. For example, C–C bonds in the diamond
structure are shorter that B–N bonds in c-BN structure.
Fig. 6(b) presents a HRTEM image of c-BC2N crystallites. These
crystallites have also been identified on the basis of two-dimensional
lattice fringes together with their corresponding angle, produced byFig. 5. XRD patterns of the samples obtained at different substrate temperatures.
and (b) HRTEM image of c-BC2N crystallites.the (111) orientations. As is observed in this figure, the interplanar
spacing d(111) is little greater than it reported for the diamond [45]
and little lower than it for c-BN [46]. Finally, crystallites size was
estimated larger than 10 nm.
Regarding to hardness and in order to analyze the nanoindentation
measurements for cubic BC2N, the Oliver and Pharr report [47] was
used. The resultant Young’s modulus was determined by:
1
Er
=
1−v2
E
+
1−v2i
Ei
ð2Þ
where E and ν are the Young's modulus and the Poisson ratio
respectively. Ei and νi are the parameters for the diamond indenter
(Ei=1141 GPa and νi=0.07 [47]. The c-BC2N young's modulus was
calculated from Eq. (2), using the value found experimentally
(Er=309 Gpa) and under the assumption that the Poisson ratio of
c-BC2N is ν=0.096, calculated for the ideal mixing of diamond
(diamond ν=0.07 [47] and cubic boron carbonitride ν=0.121 [48]).
In our combined experimental and theoretical results, an increase in
the hardness of BC2N films as a function of the substrate temperature
was observed as is shown in Fig. 7, especially for temperatures greater
than 350 °C. According to TEM and XRD analysis, as substrate
temperature increases, films tend to the crystallization. This
Fig. 7. Hardness behavior as a function of the substrate temperature.
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increase in the atomic density of the material as a consequence of
the higher compactness of the zinc-blende structure. Also hardness is
increased as the cubic structure is achieved because of the stronger
bonds (B–C, B–N y C–C), although it depends little on the atomic
arrangements of the crystal structure [50].
Hardness is not as higher as was expected. Nevertheless, it is
greater than other coatings that normally are used in similar
applications as ZrN and WC [51,52]. Moreover, works carried out by
M. J. Albella’s group (32 Gpa) [13] present hardness in the same order
and even lower (18 Gpa) [53] than those reported here. These
differences in the hardness are due to this type of material would be
significantly affected by the nitrogen concentration.
By the hardness calculation, it was established that structures with
(111) preferential orientations are harder than c-BN. Thus there have
been active debates on whether bulk BCxN would have intermediate
hardness between diamond and c-BN [39]. Moreover, among the
theoretical calculations carried out so far, it is found that many
mechanical and electronic properties of BCxN are sensitive to the
atomic arrangements and substitution patterns.
4. Conclusions
Cubic BC2N thin films were produced by using an Ablation Laser
system varying the substrate temperature. These films were charac-
terized by the XPS, AES, XRD, TEM and nanoindentation techniques. In
summary, B–N, B–C, and C–C chemical bonds can be identified from
the XPS analysis without finding C–N bonds. By means of AES, depth
profiles were carried out, allowing exploring the films chemical
composition as a function of the thickness. With this analysis the
presence of C, B and N was found and also interdiffusion between the
film and substrate was observed. XRD analyses showed that the thin
films growth in this experiment possess an ordered structure,
suggesting the existence of a zinc-blende structure with diffraction
peaks belonging to (111), (200) and (220) crystallographic planes,
similar to c-BN and diamond. These planes were also observed by
means of TEM. The hardness measured by using a Berkovich indenter
presented an increase as a function of the substrate temperature.
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Available online 17 March 2008Abstract
Amorphous B4C and BC2N films were prepared on (1 1 1) silicon substrates by reactive laser ablation using a B4C target. For the
depositions of BC2N a nitrogen pressure of 63mTorr in the growth chamber was used. The electron inelastic mean free path (IMFP) for
B4C and BC2N was calculated for energies between 200 and 2000 eV from their respective energy-loss functions, which was obtained
from quantitative analysis of REELS. The IMFPs are analyzed in terms of the Bethe equation for inelastic scattering of electron. REELS
results were used to obtain the dielectric function of the B4C and BC2N in the energy range from 4 to 100 eV.
r 2008 Elsevier Ltd. All rights reserved.
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Keywords: IMFP; B4C; BC2N; REELS; Electron spectroscopies1. Introduction
An important parameter for quantitative analysis using
surface electron spectroscopies is the electron inelastic
mean free path (IMFP). Usually the IMFP values for some
materials are obtained from the energy-loss function
(ELF), which is obtained from optical data. These IMFP
values can be reproduced using the TPP-2M predictive
equation proposed by Tanuma et al. [1]. This procedure
relies on accessible and trustworthy optical data over wide
ranges of energy; this is seldom the case when studying new
materials. Consequently it is indispensable to devise new
methods to obtain IMFP values, if possible by using
currently available analysis method. The aim of this work
is to determine the IMFPs using ELFs derived from
reflection electron energy loss spectroscopy (REELS)
measurement. The methodology is applied to study B4C
and BC2N compounds.e front matter r 2008 Elsevier Ltd. All rights reserved.
ejo.2008.01.082
ing author.
ess: adeviac@unal.edu.co (H.A. Castillo).2. Experimental
Boron carbon nitride films were accomplished by
ablating a high purity B4C, 99.9wt%. Films were grown
on (1 0 0)-silicon wafers at room temperature in an ultra-
high vacuum system with a base pressure of 109 Torr.
Target ablation was performed by means of a KrF excimer
laser (l ¼ 248 nm). Laser energy, deposition time and pulse
repetition rate are fixed at 400mJ (nominal), 60min and
5Hz, respectively. B4C films were grown at high vacuum
conditions, while a mixture of N2 (60mTorr) þ CH4
(3mTorr) during the ablation was used to obtain BC2N
stoichiometric thin films. These films were analyzed in situ
by X-ray photoelectron spectroscopy and REELS. The
stoichiometries of the films were obtained from XPS.
REELS spectra were taken at three primary electron
energies (Ep) of 0.5, 1.0 and 1.5 keV. The method for
obtaining the dielectric function consists of comparing
theoretical and experimental electron inelastic cross-sec-
tions determined at Ep; details from this procedure are in
the Ref. [2]. This formalism has been applied successfully to
obtain information about the inelastic scattering properties
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for several elements and compounds [3].
3. Results and discussions
Fig. 1 shows the experimental inelastic cross-sections in
the form Kexp (square) for B4C and BC2N. They have been
obtained from REELS spectra measured at 500, 1000 and
2000 eV primary electron energies, after normalization to
the area of the elastic peak and removal of multiple
inelastically scattered electrons. Fig. 1 also includes the
respective theoretical inelastic scattering cross-sections K th
(lines), calculated according to the procedure described in
Ref. [2]. The agreement between K th and Kexp for the three0.06
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Fig. 1. Experimental inelastic scattering cross-sections (square) at three primary
lines) for B4C (left side) and BC2N (right side).
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Fig. 2. lREELS (squares) and l1 (full lines) determined in this study as a fu
included. The data showed inside of the figure are the Bethe parameters (see Edifferent Ep is rather good, taking into account that the
comparison is performed on an absolute scale. In addition,
ELFs proposed for obtaining the K th were used to calculate
electron IMFPs for each material in the 200–2000 eV
energy range.
Fig. 2 shows the values for lREELS (squares, it is when the
IMFPs were calculated taking into account the effects of
surface) and l1 (full lines, it is when the IMFPs were
calculated in the bulk) calculated for B4C and BC2N, as
labeled. The difference among those IMFPs is about
0.1 nm for the materials studied. For comparison, the
TPP-2M values obtained from Eq. (1) have been plotted as
dashed lines in the respective figures. It is possible to
observe that IMFPs from TPP-2M have a difference of up0.04
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nction of energy. For comparison, the TPP2M values (dashed lines) are
q. (1)).
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data were fitted to Eq. (1), known as Bethe equation,
obtaining the parameters shown in Fig. 2.
lðE0Þ ¼
E0
E2PbðlnE0 þ ln gÞ
. (1)
4. Conclusions
Electron energy-loss functions of B4C and BC2N in the
energy range 3–90 eV have been determined from experi-
mental REELS spectra. The differences between lREELS
and l1 are observed to be 0.1 nm for the materials studied
here. IMFPs calculated by the TPP-2M formula show
differences of up to 50% with respect to IMFPs calculated
from REELS spectra.Acknowledgments
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